Abstract: Selenium (Se) is an essential element for humans' health and the recommended amount (RDA) of Se intake per adult is 55-70 µg day −1 . The main source for Se intake is represented by diet, but its concentration in vegetables is generally limited with respect to human needs. The aim of this research was to assess the effect of Se application rate and type (fertigation or foliar spray) on yield, functional properties and mineral composition of curly endive grown in a hydroponic system. Five levels of Se (0.0, 1.0, 2.0, 4.0 and 8.0 µmol L −1 ) were supplied via fertigation or by foliar spray in the form of selenate (Na 2 SeO 4 ). The results show that a Se implementation of 4 µmol Se L −1 for plants enriched via fertigation and 8 µmol Se L −1 for plants biofortified via foliar spray successfully enhanced production performance parameters such as head weight (42.6% and 27.8%, respectively), SSC (16.7% and 14.3%, respectively), ascorbic acid (33.2% and 33.7%, respectively), total phenolic (58.9% and 54.5%, respectively) and Se concentration (22.2% and 20.3%, respectively). Furthermore, leaf Se concentration in plants enriched via fertigation ranged 0.71-17.61 mg kg −1 of dry weight (DW), whereas, in plant biofortified via foliar spray leaf Se concentration ranged 0.72-12.67 mg kg −1 DW. Plants grown with the highest dosage of Se distributed via fertigation or foliar spray showed a reduction in total-N leaf concentration by 39.4% and 28.6%, respectively, compared with the non-enriched plants. Our results indicate a consumption of 47.4 g day −1 of Se-enriched curly endive grown in soilless culture and treated with 8 µmol L −1 of selenate applied via foliar spray could be sufficient to cover the human physiological needs of this element.
Introduction
Humans need different elements for a good health and development, which can be supplied by an adequate diet. However, the world's population suffers of mineral deficiency including Selenium (Se) shortage (about 15% of the world's population are Se deficient) [1] . Mineral malnourishment can be overcome through well-chosen dietary diversification, mineral supplementation, food fortification and by increasing the bio-available mineral concentration in edible crops (a process called of Cu [19] . The electrical conductivity (EC) and pH in the above nutrient solution were 2.5 mS cm −1 and 5.8, respectively. Each nutrient solution was poured into a rectangular tank (200 cm long × 100 cm wide × 20 cm deep) containing 300 L of nutrient solution. The nutrient solutions were not aerated during the growing period, as the fast growth of the leafy vegetables does not need a high oxygen concentration in the nutrient solution [20] . The nutrient solution was monitored weekly for EC and pH. The pH in the nutrient solution (NS) was adjusted daily by adding appropriate amounts of HNO 3 . The tanks were refilled with new nutrient solution when the volume of the NS dropped by 20%. The five Se levels were combined with the two types of Se application in a two factorial experimental design rendering ten treatments. Each treatment was replicated four times for each Se concentration and type of Se application (36 tanks) . Climate conditions inside the greenhouse were adjusted via computer controller and was set to 12 ± 1 • C during the night and 18±1 • C during the day. Relative humidity was kept within 60-70% during the growing season. The cumulated greenhouse global radiation was 473.5 MJ m −2 .
Yield and Morphological Traits
Harvest took place 70 days after transplanting. Head fresh weight (HFW), head height (HH), stem diameter (SD) and number of leaves (NL) were measured on all plants of the replicates.
Sampling for the dry matter determination and quality analysis was conducted using 5 plants randomly selected in each replicate. Head dry matter content (HDMC) and root dry matter content (RDMC) were obtained through the dehydration of the sample in a heater at 80 • C for the first two days and subsequently dried at 105 • C until constant weight using a thermo-ventilated oven (Memmert, Serie standard, Venice, Italy).
Functional Quality Analysis
Samples for functional quality analysis were collected at harvest. Leaf samples were squeezed, the juice was filtered and soluble solids content (SSC) was measured using a digital refractometer (MTD-045nD, Three-In-161 One Enterprises Co. Ltd. Taiwan). Titratable acidity (TA) was determined by potentiometric titration with 0.1 M NaOH up to pH 8.1, using 15 mL of plant extract and expressed as percent malic acid equivalents. TA was expressed as percentage of malic acid [21] .
Ascorbic acid content was measured from the leaf samples by reflectometer Merck RQflex* 10 m using Reflectoquant Ascorbic Acid Test Strips. One gram of leaf juice was dissolved in distilled water, to a total of 10 mL, and mixed. Then, appropriate test strip was dipped into the sample and inserted into the meter. Results were expressed as mg of ascorbic acid per kg fresh weight.
As for total phenolics, leaf samples of 5 g were extracted using methanol and was assayed quantitatively by A765. Total phenolics content was measured using Folin-Ciocalteu reagent [22] . The results were expressed as mg of caffeic acid g −1 fresh weight.
Mineral Composition
Samples for mineral composition analysis were collected at harvest. The Kjeldal method was used to determine leaf total Nitrogen (N). In particular, a sample rate was subjected to acid-catalyzed mineralization to turn the organic nitrogen into ammoniacal nitrogen. The ammoniacal nitrogen was then distilled in an alkaline pH. The ammonia formed during this distillation was collected in a boric acid solution and determined through titrimetric dosage.
Ca, Mg, and K were determined using atomic absorption spectroscopy (SavantAA, 200 ERRECI, Milan, Italy) following wet mineralization [23] . Phosphorus levels were determined using colorimetry [24] . With regard to S determination, 500 mg of dried tissues were weighed and acid-digested with 4.0 mL of concentrated HNO 3 + 2.0 mL of concentrated HClO 4 (Sigma-Aldrich, Saint Louis, MO, USA) at 120 • C for 1 h and then at 220 • C until HClO 4 fumes were observed. Total S contents in the samples were determined using an atomic absorption spectrophotometer (SavantAA, 200 ERRECI, Milan, Italy).
For the determination of the Se concentration, 25 mg of dried leaf sample were digested with 2.5 mL of concentrated HNO 3 and 1 mL of H 2 O 2 in an analytical microwave oven. The resulting solution was diluted to 25 mL with deionized water and the metal concentration determined by ICP-MS (Plasma Quant MS Elite, Jena, Germany), according to Pedrero et al. [25] .
Statistical Analysis
The statistical analysis was performed with the statistical analysis system SPSS software package version 14.0 (StatSoft, Inc., Chicago, IL, USA) using GLM (General Linear Model). The five Se levels were combined with the two types of Se application in a two-factorial split-plot experimental design. The impact of the different treatments was evaluated by applying two-factorial ANOVA, while multiple comparisons of means were performed by applying the Tukey HSD test. For data expressed in percentage, the arcsin transformation before ANOVA analysis (Ø = arcsin(p/100) 1/2 ) was applied.
Principal components analysis (PCA) was conducted to examine any underlying relationship among the different Se doses and type of applications, based on the agronomic and quality parameters of curly endive at harvest. For the selection of the optimum number of principal components (PCs), factors with eigenvalues higher than 1.0 were retained. In addition, the plot of the PCs enabled the investigation of correlations between the variables of the input data set. To this end, the initial variables were projected into the subspace defined by the reduced number of PCs (first and second components) and correlated variables were identified. The PCA was performed using SPSS version 14.0 (StatSoft, Inc., Chicago, IL, USA).
Results

Plant Se Content
When plants were fertigated with8.0 µmol Se L −1 shoot and root Se concentration increased 25 and 30 times, respectively, compared to non-Se fertigated plants (control). A foliar application of 8.0 µmol Se L −1 was almost equally effective in increasing shoot and root Se concentration (approximately seven and nine times, respectively, compared to the foliar application with water). In both types of Se application, non-enriched plants showed the lowest shoot and root Se concentration (Table 1) . 
Crop Performance
Fertigation with 4.0 µmol Se L −1 increased endive head weight and consequently yield by 42.6% compared to fertigation without Se (control), whereas no differences were obtained when the amount of Se was either 1 or 8 µmol Se L −1 ( Table 2) . On the other hand, foliar application of 4.0 or 8.0 µmol Se L −1 increased yield (13.1%and 21.8%, respectively) compared to the foliar application with water. Head height, however, was affected by neither the type of application nor Se concentration ( Table 2) . Table 2 . Effect of Se fertigation and Se foliar spray on head fresh weight (HFW), head height (HH), stem diameter (SD), number of leaves (NL), head dry matter content (HDMC) and root dry matter content (RDMC) of curly endive grown in a hydroponic system. Type of application ** NS * ** ** NS Se concentration *** NS *** *** *** ** Type of application × Se concentration *** NS *** *** *** *** Data within a column followed by the same letter are not significantly different at p ≤ 0.05 according to Tukey HSD Test. *, statistically significant differences at p ≤ 0.05; **, statistically significant differences at p-value below 0.01; ***, statistically significant differences at p-value below 0.001; NS, not significant. Fertigation of plants with 4.0 µmol Se L −1 resulted in 39.8% increased number of leaves compared to fertigation without Se (control), whereas no differences were obtained when the amount of Se was 1 µmol L −1 (Table 2) . Differently, non-biofortified plants and plants enriched with a dosage of 1.0 µmol Se L −1 , which was applied either via fertigation or foliar spray, gave the lowest values in terms of number of leaves.
With respect to head and root dry matter content, the highest percentage was recorded when plants were either fertigated with 2.0 and 4.0 µmol Se L −1 or enriched with 8.0 µmol L −1 Se via foliar spray.
Antioxidant Properties and Nutritional Value
Fertigation with 4.0 µmol Se L −1 increased SSC by 14.3% compared the control, whereas no differences were obtained when the amount of Se was either 1 or 8 µmol Se L −1 (Table 3) . On the 45 .6% compared to the control (Table 3) . Similarly, foliar application of 8.0 µmol Se L −1 increased TA by 40.0% compared to the foliar application with water. The lowest TA value was recorded in non-biofortified plants (regardless of the application type), and under the foliar application of 1.0 and 2.0 µmol Se L −1 . The data recorded on ascorbic acid support the trend established for TA (Table 3) .
Curly endive plants fertigated with a Se concentration of 8.0 µmol L −1 had a total phenolic content 41.1% higher than those fertigated without Se (control), whereas no differences were detected when the amount of Se was either 1.0 or 0.0 µmol Se L −1 (Table 3) . Equally, foliar application of 8.0 µmol Se L −1 increased total phenolic by 35.3% compared to the foliar application with water.
Leaves from curly endive plants grown without Se enrichment (fertigation × 0.0 µmol Se L −1 and foliar spray × 0.0 µmol Se L −1 ) showed the highest N content followed by those from plants of the foliar spray × 1.0 µmol Se L −1 combination (Table 4 ). The lowest leaf N concentration was detected in plants fertigated with 8.0 µmol Se L −1 .
Type of application and Se concentration did not significantly affect P and K leaf concentrations ( Table 4) (Table 4) . Non-enriched plants showed the highest value in terms of S/Se ratio, followed by those grown at a Se concentration of 1.0 µmol L −1 applied via foliar spray, which in turn showed a higher value than plants fertigated with 1.0 µmol Se L −1 ( Table 4 ). The lowest S/Se ratio was recorded from plants grown with 8.0 µmol Se L −1 , regardless of the type of Se application. 
Principal Component Analysis
The outcomes of the principal component analysis showed four main components (PCs) with eigenvalues higher than 1.00 (Table 5) , accounting for 56.00%, 21.54%, 8.49% and 6.39% of the total variance, respectively. This indicated that the initial twenty variables could be expressed as a linear combination of four PCs, explaining 92.43% of the total variance. PC1 was positively related to head weight, number of leaves, root dry matter, SSC, TA, ascorbic acid, total phenolic, S, and Se shoot, and negatively correlated to N, Ca, and S/Se ratio; PC2 was mainly positively related to head weight, stem diameter, and head dry matter, and negatively related to Se root; PC3 was mainly positively correlated to K, and negatively related to head height and Se translocation factor; and PC4 was mainly positively related to Mg content ( Table 5 ).
The projection of the original variables on the plane of the two first PCs could clearly illustrate such a relationship, as shown in the plot of loadings (Figure 1) .
The discrimination of the various doses of Se supplied via different type of application (fertigation and foliar spray) of curly endive can be visualized in the plot of scores (Figure 2 and head dry matter, and negatively related to Se root; PC3 was mainly positively correlated to K, and negatively related to head height and Se translocation factor; and PC4 was mainly positively related to Mg content ( Table 5 ).
The projection of the original variables on the plane of the two first PCs could clearly illustrate such a relationship, as shown in the plot of loadings (Figure 1) . 
Discussion
The connection between food intake and health is a current and continuously expanding research topic as substantial outcomes indicate that food compounds can affect physiological processes in humans. Thus, nutraceutical and functional food is of great interest in prevention and cure of human illnesses. For humans, Se is an essential trace element, and some organic forms such as methylselenocysteine (MeSeCys) seem to be notably effective source of dietary Se. Hatfield et al. [26] , Roman et al. [27] and Malagoli et al. [28] reported that low intake of Se in the diet may cause a number of diseases, including heart diseases, hypothyroidism, reduced male fertility, weakened immune system and enhanced susceptibility to infections and cancer. This study demonstrated that Se application rate and type (fertigation or foliar spray) can significantly affect yield, functional properties (phenolics and ascorbic acid) and mineral composition of curly endive grown in a hydroponic system.
We found a significant decrease in head weight, head height, stem diameter, number of leaves, head dry matter and root dry matter at low (1.0µmol Se L −1 ) Se concentration or over 4.0 µmol Se L −1 when Se was distributed by fertigation. In previous research [29] , the Se supply to spinach plants resulted in a leaf yield increase. However, an increase in plant growth by Se at low doses has been previously documented in different plant species, including Se hyper-accumulators (some species of the genera Astragalus, Xylorrhiza and Stanleyea and members of the Brassicaceae such as black mustard (Brassica nigra L.) and broccoli (Brassica oleracea botrytis L.)) and non-hyper-accumulators (ryegrass, lettuce, potato, duckweed, and tomato) [8, 16, 30, 31] . On the other hand, the Se enriched plants by foliar spray increased plant growth under the highest dosage (8.0 µmol Se L −1 ). This result may be related to the longer plant-Se contact time promoted by the nutrient solution application. Therefore, this effect would also indicate that Se distributed in a soilless system via fertigation accumulates continuously and cumulatively into the plant tissues. However, application of Se via the nutrient solution at the rate of 8 mM led to a reduction in plant growth. This can be ascribed to a toxic effect of Se. As reported by Hajiboland and Amjad [32] , the toxic effect of Se on plants may result mainly from interferences of this element with S metabolism and from replacing the S-amino acids with corresponding Se-amino acids and their subsequent incorporation into proteins.
Leaf Se concentration in enriched plants ranged from 0.95 mg kg −1 DW to 12.67 mg kg −1 DW. Ramos et al. [17] reported that Se concentration in enriched lettuce plants, irrigated with seven Se concentrations (0, 2, 4, 8, 16, 32, and 64 µmol L −1 ), ranged from 0.0 to about 23.0 mg kg −1 DW. Ferrarese et al. [33] who conducted a study on Se biofortification of spinach plants in a floating system with a Se concentration of 0.0, 2.6, 3.9, and 5.2 µM of Se, reported a variation in leaf Se concentration from approximately 1.0 to 15.5 µg g −1 DW. Ávila et al. [34] , who studied the impact of selenium supply on Se-methylselenocysteine and glucosinolate accumulation in selenium-biofortified Brassica sprouts, found that Brassica species (Broccoli, Cauliflower, green cabbage, Chinese cabbage, kale and brussels sprouts) treated with 50 µM of Na 2 SO 4 had a total Se content that ranged from approximately 60.0 to over 300 µg g −1 DW in brussels sprout and kale, respectively. The recommended daily amount (RDA) for adult men and women is 55-70 µg [35] . Considering that curly endive contains about 90% of water, the Se concentration in the edible part would be sufficient to cover the human physiological needs of this element by consuming 47.4 g day −1 of curly endive grown under hydroponic conditions and treated with 8 µmol L −1 of selenate which was applied via foliar spray. Thus, our results support the viability of the use of curly endive crops in biofortification programs.
Due to their chemical similarities, Se and S compete for the same transporters, consequently, their metabolisms are closely interrelated [8] . Therefore, in our study, S accumulation was also determined. Our results show an increase in S concentration under the application of 1.0 µmol Se L −1 via fertigation and under the application of 2.0 µmol Se L −1 in those enriched via foliar spray. Our findings are in accordance with those of Hawrylak-Nowak [1] , Feist and Parker [36] , Suarez et al. [37] , White et al. [38] and Ríos et al. [39] who found that increasing selenate concentrations in the root area increases S concentration in shoots in Lactuca sativa, Stanleya pinnata, some Brassica species and Arabidopsis thaliana. Our results are also in accordance with those of Boldrin et al. [40] , who, by investigating rice biofortification by soil and foliar application of selenium, found that both types of application determined an increase in S concentration. The interactive effects between Se and S nutrition were also detected in Arabidopsis thaliana by White et al. [38] . The results of this study indicate that selenate supply can promote sulfate accumulation in the shoots, possibly by preventing a reduction in the abundance and/or activity of sulfate transporters by sulfate and its metabolites.
Nowadays, there is increasing evidence demonstrating the additive and synergetic effects of antioxidative compounds from vegetables on human health, as they can reduce the risk of many pathologies related to oxidative stress [41] . Although several studies have been conducted on the application of Se in vegetable plants, few have confirmed the positive effect of this trace element on the antioxidant capacity. Our results show that regardless of the type of application (fertigation or foliar spray) total phenolic compounds increased linearly as Se concentration applied increased. Our findings are consistent with those obtained by Ríos et al. [39] who, by investigating the biofortification of Se and induction of the antioxidant capacity in lettuce plants, found that Se-treatment augments antioxidant compounds in the leaves. Our outcomes are also in accordance with those reported by Schiavon et al. [16] , who, by studying the effect of selenium fertilization on the alteration of chemical composition and antioxidant constituents of tomato, found that the supplementation of Se at low doses to tomato plants cultivated hydroponically exerted beneficial effects on the plants with respect to biosynthesis of antioxidant compounds implied in plant development and responses to stresses. Similarly, in our study, production of antioxidant compounds (total polyphenols and ascorbic acid) was clearly induced at dosage of 4 µmol Se L −1 (applied via fertigation) or at dosage of 8 mM Se L (applied via foliar spray) implying a possible beneficial effect of this trace element in curly endive plants. At a dosage of 8 mM Se L −1 (applied via fertigation), antioxidant compounds still increased, although in this case and perhaps due to the toxic effect of Se, the plants showed a reduction in head dry matter content. Dixon and Paiva [42] and Moglia et al. [43] reported that the mechanism of action leading to an accumulation in phenolic compounds has been generally associated to a plant stress condition, and our results might confirm this theory. Lee et al. [44] and Xu et al. [45] revealed that Se induces the accumulation of ascorbic acid. Our results indicate that irrespective of the type of application, the incremental rise in the Se dosage to the curly endive plants led to the synthesis of ascorbic acid. Our findings are in accordance with those of Ríos et al. [39] , who found that ascorbic acid content in lettuce leaves increased gradually with increasing Se supplied to the plants, via fertigation or via foliar spray.
Increasing Se concentration both via fertigation and by foliar enhanced SSC, consistently with the reports of Golubkina et al. [46] who recorded the increase of leaf soluble solids in Brassica juncea upon Se foliar application. A significant interaction was found between the type of application and Se application rate in terms of TA. Increasing Se concentration resulted in higher TA, with foliar spray application resulting superior than fertigation.
Studies have indicated that a consumption of vegetables with high NO 3 − content poses threat to human health because ingested NO 3 − could be converted to nitrite, a toxic carcinogen, causing cancers and methemoglobinemia [47, 48] . Our results on N content are in line with the outcomes of Lei et al. [49] , who, by investigating on the effects of exogenous Se on NO 3 − uptake and transport, assimilation enzyme activities and photosynthetic capacity of lettuce grown hydroponically, found that the supplementation of Se decreased NO 3 − accumulation in the leaves by increasing the efflux of NO 3 − from the root, inhibiting the translocation of NO 3 − from the root to the shoot, and inducing the assimilation of NO 3 − . The type of application and Se concentration had no influence on Mg, P and K leaf concentration whereas, increasing Se concentration either via fertigation or by spraying resulted in lower Ca leaf content.
Conclusions
Se biofortification of curly endive significantly influenced plant yield, leaf overall composition and leaf nutraceutical compounds. Compared with the non-biofortified plants, a Se implementation of 4 µmol Se L −1 via fertigation or of 8 µmol Se L −1 by foliar spraying successfully enhanced plant production performance, accumulation of SSC as well as some antioxidant compounds such as ascorbic acid and total phenolic. Our findings also reveal that the enrichment of Se in the nutrient solution was not detrimental up to 4 and 8 µmol Se L −1 for fertigation and foliar spray application, respectively. Furthermore, our results indicate that a consumption of 47.4 g day −1 of Se-enriched curly endive leaves from plants subjected to an 8 µmol L −1 selenate application via foliar spray would be sufficient to cover the human physiological needs. Thus, taken together, we can conclude that Se biofortification of hydroponic grown curly endive plants represents an attractive and easy opportunity for increasing the Se concentration in human diets.
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